Key Points {#FPar1}
==========

The oral phosphodiesterase-4 inhibitor roflumilast reduces exacerbations of chronic obstructive pulmonary disease, but its use is associated with tolerability issues in some patients during the first few weeks of therapy.Alternative dosing regimens have been investigated in the OPTIMIZE study. Starting roflumilast at a lower dose (250 µg daily) for 4 weeks, before escalation to the 500 µg maintenance dose, was shown to improve tolerability and reduce discontinuations.Modelling data support this up-titration regimen as a means of reducing the risk of adverse events and early treatment discontinuations, enabling patients to stay on roflumilast treatment for longer at the maintenance dose.

Introduction {#Sec1}
============

Chronic obstructive pulmonary disease (COPD) is characterized by persistent respiratory symptoms and airflow limitation due to airway and/or alveolar abnormalities, and is usually caused by significant exposure to noxious particles or gases \[[@CR1]\]. Chronic inflammation plays a key role in COPD \[[@CR2]\]. Frequent COPD exacerbations accelerate disease progression and increase the risk of mortality \[[@CR3]\]. Despite recommended inhaled therapies, many patients with severe COPD continue to experience exacerbations \[[@CR4]\].

Roflumilast is a selective, oral phosphodiesterase-4 (PDE4) inhibitor used for the treatment of patients with severe COPD associated with chronic bronchitis and a history of exacerbations \[[@CR5]\]. Clinical studies have shown that roflumilast, taken once daily as add-on to inhaled COPD therapy, reduces exacerbations in this patient population \[[@CR6], [@CR7]\]. Most recently, this has been shown in the REACT study in patients using roflumilast therapy on top of an inhaled corticosteroid (ICS)/long-acting beta agonist (LABA) ± long-acting muscarinic antagonist (LAMA) combination \[[@CR8]\].

Roflumilast is rapidly metabolized to its only active metabolite, roflumilast N-oxide, which has specificity and potency similar to roflumilast \[[@CR11]\], and is estimated to account for approximately 90% of the total PDE4 inhibition (tPDE4i), with 10% attributed to the parent roflumilast. Steady state plasma concentrations, achieved after 3--4 days of once daily dosing, can be used to estimate the combined PDE4i of roflumilast and roflumilast N-oxide \[[@CR12]\]. The PK of roflumilast are linearly dose-proportional over 250--1000 μg, and it is rapidly and almost completely absorbed, with a mean absolute bioavailability of approximately 80% after a single 500 μg dose \[[@CR13]\]. The maximum concentration (*C*~max~) of roflumilast is reached within 1 h, 4--8 h with roflumilast N-oxide, and remains constant for 6--8 h. Steady-state plasma concentrations of roflumilast and roflumilast N-oxide are achieved within 4 and 6 days, respectively \[[@CR13]\]. The effective half-life of roflumilast ranges from 8 to 31 h, with a median of 17 h, and the half-life of roflumilast N-oxide is approximately 30 h \[[@CR13]\].

Side effects most commonly reported with roflumilast include diarrhoea, nausea and a reduction in body weight, and, while typically mild-to-moderate in severity, they are a common cause of early treatment discontinuation \[[@CR9], [@CR10]\]. However, the transient nature of the gastrointestinal side effects indicates that patients may develop tolerance with continued dosing \[[@CR10]\], and alternative dosing strategies during the first few weeks of treatment may help reduce treatment discontinuations.

A population pharmacokinetic (popPK) model developed using data from 28 phase I--III studies demonstrated that tPDE4i can be used as a predictor of roflumilast tolerability \[[@CR12]\]. This model also predicted that side effects may be reduced with alternative roflumilast dosing using 250 µg once daily, or 500 µg every other day \[[@CR14]\]. These dosing strategies were investigated further in the double-blind, phase III OPTIMIZE study (NCT02165826), which found that up-titration from roflumilast 250 µg once daily for 4 weeks to the approved maintenance dose of 500 µg once daily improved tolerability and reduced treatment discontinuation, compared with starting at a dose of 500 µg \[[@CR15]\].

In this study, we report PK/pharmacodynamic (PD) analyses from the OPTIMIZE study. The previously validated popPK model \[[@CR12]\], enhanced with data from the REACT \[[@CR8]\] and OPTIMIZE studies \[[@CR15]\], was used to further evaluate the exposure-tolerability relationship of the alternative roflumilast dosing regimens.

Methods {#Sec2}
=======

Study Design {#Sec3}
------------

A non-linear, mixed-effect, integrated popPK model was employed with covariate-effect and random-effect parameters that were estimated using the combined dataset from the OPTIMIZE and REACT studies.

The methodology for both OPTIMIZE and REACT have been described previously \[[@CR8], [@CR15]\]. In brief, OPTIMIZE was a randomized, double-blind, three-arm, parallel-group, phase III clinical trial in patients with COPD (1321 patients), which evaluated a 4-week up-titration regimen of roflumilast at treatment initiation before escalating to the approved 500 µg once daily maintenance dose. Patients were randomized (1:1:1) to 4 weeks (double-blind) of oral roflumilast 250 µg once daily, 500 µg every other day, or 500 µg once daily, all followed by roflumilast 500 µg once daily for 8 weeks (single-blind)  \[[@CR15]\]. The OPTIMIZE study also included an open-label down-titration period to evaluate the tolerability and PK of roflumilast 250 µg once daily in patients who had dropped out of the main study \[[@CR15]\]. REACT (NCT01329029) was a randomized, double-blind, parallel-group, multicentre, phase III clinical trial in patients with severe to very severe COPD (1945 patients). Patients were randomized (1:1) to receive either roflumilast 500 µg once daily or placebo for 52 weeks \[[@CR8]\]. In both studies, roflumilast was administered as a yellow film-coated tablet (EU formulation).

Both studies included patients ≥ 40 years of age with COPD associated with chronic productive cough and a history of exacerbations in the previous 12 months (one or more prior exacerbation in OPTIMIZE; two or more exacerbations in REACT), who were current or former smokers, and had a post-bronchodilator forced expiratory volume in 1 s (FEV~1~) ≤ 50% of predicted, and FEV~1~/forced vital capacity (FVC) ratio \< 70%. In OPTIMIZE, patients received study medication on top of their usual standard-of-care COPD maintenance treatment, which could include LABA/ICS ± LAMA and/or theophylline. In REACT, patients received study treatment on top of a background of ICS/LABA with or without LAMA \[[@CR8]\].

Both studies were conducted in accordance with the Declaration of Helsinki, and the International Conference on Harmonisation (ICH), Good Clinical Practice and applicable local regulations. All patients provided written informed consent to participate.

Objectives {#Sec4}
----------

The objectives of the current study were to characterize the exposure of COPD patients to evaluate the exposure--tolerability relationship in both up-titration and down-titration scenarios.

Bioanalytical Methods {#Sec5}
---------------------

Across the phase I--III \[[@CR12]\], REACT \[[@CR8]\] and OPTIMIZE studies \[[@CR15]\], roflumilast and roflumilast N-oxide concentrations in plasma samples were quantified using validated high-performance liquid chromatographic systems coupled with tandem mass spectrometric detection.

Model Development {#Sec6}
-----------------

A sequential modelling approach was performed to develop the PK/PD models. The PK (exposure) were characterized first (independently of the PD adverse events \[AEs\]). The final integrated popPK model was used to predict individual exposure levels (average concentrations of roflumilast and roflumilast N-oxide), which were in turn used to derive individual tPDE4i activities for all three treatments (250 µg once daily/500 µg once daily, 500 µg every other day/500 µg once daily, and 500 µg once daily).

Individual tPDE4i activity levels were then used to characterize the PK/tolerability relationship in terms of the percentage of patients with AEs (PK/AE model) and time to discontinuation due to AEs (PK/time-to-event model).

Please see supplementary Methods 1--4 in the online resource for further details of the Methods for the development of all models.

### Integrated Population Pharmacokinetic (popPK) Model {#Sec7}

The integrated popPK model was developed from an earlier base model in which the structural parameters were fixed to estimates obtained using a dataset of 21 phase I and two phase II/III studies \[[@CR12]\]. This existing base model describes the PK of both roflumilast (parent) and roflumilast N-oxide (metabolite) simultaneously. It consists of two distribution compartments, with first-order absorption and elimination for the parent, and two additional distribution compartments with first-order elimination for the metabolite (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1PopPK model for roflumilast and roflumilast N-oxide. *Subscripts* indicate parameters belonging to parent (p) or metabolite (m). *CL* clearance, *KA* absorption rate constant, *Q* intercompartmental clearance, *F* relative oral bioavailability, *popPK* population pharmacokinetic

The existing base model was applied to the OPTIMIZE data only according to a Bayesian feedback procedure \[[@CR16]\] (i.e. MAXEVAL = 0 in the NONMEM^®^ code \[[@CR12]\] \[estimation is not performed but parameters already available are used to get predictions for the new OPTIMIZE dataset\]). This analysis showed that the base model satisfactorily described the OPTIMIZE population and was used to estimate the phase II/III patient effects (i.e. dichotomous parameters describing significant differences in model parameters between healthy volunteers and patients); between-subject variability (BSV) and residual error, on the combined dataset (OPTIMIZE and REACT). The covariates included in the base model were re-estimated on the current combined dataset (OPTIMIZE and REACT). Finally, a formal covariate analysis was performed to assess whether additional covariates not included in the base model (i.e. age, sex, and race) had a statistically significant effect using the combined dataset.

### Pharmacokinetic/Adverse Event (PK/AE) and PK/Time-to-Event Model {#Sec8}

Analyses were performed in order to characterize the relationship of systemic exposure with the percentage of patients with at least one AE (PK/AE model), and the relationship of systemic exposure with time to treatment discontinuation due to AEs (PK/time-to-event model).

The tPDE4i values were tabulated and merged to the AE and time-to-event data to obtain the respective PK/AE and PK/time-to-event analysis datasets. AEs were coded according to the Medical Dictionary for Regulatory Activities (MedDRA) version 18, and assigned to preferred terms. Events were grouped into 'AEs of interest': headache, diarrhoea, nausea, vomiting, abdominal pain, appetite disorders, sleep disorders, angioedema, anxiety, depression and weight loss (online resource Table S3). Note that this definition of 'AEs of interest' is slightly broader than the definition used in the safety analysis of the OPTIMIZE study \[[@CR15]\], for consistency with previous PK/AE analyses \[[@CR12]\].

A logistic regression model was used to characterize the relationship between tPDE4i and the frequency of patients with AEs (PK/AE model). The AE status was assumed to follow a binomial distribution and modelled using logistic regression:$$\documentclass[12pt]{minimal}
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The variables sex, age, race, smoking status, body weight, COPD status, concomitant treatment with LAMA, statins, and LABA/ICS were tested as covariates on *intercept* and *slope* following a standard forward inclusion (*p* \< 0.05), backward deletion (*p* \< 0.01) procedure \[[@CR17]\].

A parametric time-to-event model was used to characterize the time to treatment discontinuation due to AEs and other covariates during the initial 4-week up-titration phase (PK/time-to-event model). Parametric time-to-event models attempt to fit a given random distribution (for example, normal) to the distribution of observed event times by estimating distribution parameters such as *position* and *shape*. Using the normal distribution, *position* would be the mean and *shape* would be the variance. The variables tPDE4i, treatment arm, sex, age, race, smoking status, body weight, COPD status, concomitant treatment with LAMA, statins, and LABA/ICS were tested as covariates on *position* following a standard forward inclusion (*p* \< 0.05), backward deletion (*p* \< 0.01) procedure.

Outcomes and Endpoints {#Sec9}
----------------------

Endpoints were (1) the satisfactory prediction of roflumilast and roflumilast N-oxide plasma levels, and hence tPDE4i activity (exposure), using the integrated popPK model; (2) the association of predicted exposure with the percentage of patients with AEs of interest using the PK/AE model; (3) the association of predicted exposure with the percentage of patients prematurely discontinuing study treatment using the PK/time-to-event model.

Results {#Sec10}
=======

Patients {#Sec11}
--------

Baseline characteristics of REACT and OPTIMIZE patients are shown in Table [1](#Tab1){ref-type="table"}. The patient study flow for OPTIMIZE has been published previously \[[@CR15]\]. In the OPTIMIZE study, 1323 patients were randomized; however, no plasma samples were available for 72 patients, and PK measurements were below the limit of detection for 13 patient samples. For the resulting 1238 patients, a total of 18,983 quantifiable plasma samples for PK measurements were available. This comprised 5878 samples (250 μg once daily/500 μg once daily), 5835 samples (500 μg every other day/500 μg once daily) and 5556 samples (500 μg once daily) in the trial, and 1714 samples (250 μg once daily) in the down-titration phase (online resource Table S1).Table 1Demographic and baseline characteristics for OPTIMIZE, REACT and combined datasets included in the modelCharacteristicOPTIMIZEREACT\
(500 µg roflumilast group)CombinedPatients^a^1238 (72.9)461 (27.1)1699 (100.0) 250 µg OD/500 µg OD409---- 500 µg EOD/500 µg OD408---- 500 µg OD392---- 250 µg OD DT101----Samples^a^ Roflumilast9416 (85.6)1589 (14.4)11,005 (100.0) Roflumilast N-oxide9553 (85.8)1587 (14.2)11,140 (100.0)Age, years Mean (SD)64.5 (8.1)64.2 (8.4)64.4 (8.2) Median (Min, Max)64.0 (40, 90)64.0 (41, 92)64.0 (40, 92)Sex^b^ Male921 (74.4)354 (76.8)1275 (75.0) Female317 (25.6)107 (23.2)424 (25.0)Smoking status^b^ Current577 (46.6)220 (47.7)797 (46.9) Former661 (53.4)241 (52.3)902 (53.1)Race^b^ White1132 (91.4)447 (97.0)1579 (92.9) Asian82 (6.6)8 (1.7)90 (5.3) Black or African American9 (0.7)4 (0.9)13 (0.8) Other9 (0.7)2 (0.4)11 (0.6) Hispanic6 (0.5)0 (0.0)6 (0.4)Weight, kg Mean (SD)75.4 (17.80)75.0 (17.60)75.3 (17.74) Median (min, max)74.0 (33.5, 160)73.0 (39, 155)74.0 (33.5, 160)Data are expressed as *n* (%) unless otherwise specified*DT* down-titration period, *EOD* every other day, *OD* once daily, *SD* standard deviation, *min* minimum, *max* maximum^a^Percentages relative to total number in the combined dataset^b^Percentages relative to total number in the study

Of the 1945 randomized patients in the REACT study, plasma samples were available from 461 patients, of which 3176 were quantifiable. The demographics of patients enrolled in OPTIMIZE and REACT were well matched (mean age 64.5 ± 8.1 and 64.2 ± 8.4 years; 74.4 and 76.8% male; 46.6 and 47.7% current smokers, respectively). The resulting OPTIMIZE and REACT PK datasets were combined.

Integrated PopPK Model {#Sec12}
----------------------

The integrated popPK model was able to adequately describe total plasma concentrations of roflumilast and its metabolite, as well as the BSV across all treatment phases (up-titration, maintenance, and down-titration) and dosing schemes. This can be seen in the visual predictive checks (Fig. [2](#Fig2){ref-type="fig"}). Overall, parameters of the integrated popPK model (based on the combined REACT and OPTIMIZE dataset) were estimated with good precision (coefficient of variation \[CV\] \< 50%), and parameter values were consistent with previous findings (online resource Table S2).Fig. 2Visual predictive checks showing variability in roflumilast and roflumilast N-oxide exposures. Visual predictive checks of 500 µg OD exposures for each treatment arm for roflumilast (top panels) and roflumilast N-oxide (bottom panels) for patients receiving **a** 500 μg OD from all treatment arms, **b** 500 μg EOD (up-titration arm 2), or **c** 250 μg OD (up-titration arm 3). Purple line and grey area represent the median prediction and 90% prediction interval, respectively; green and red dotted lines represent median observation and 5th and 95th percentiles of observations, respectively; grey dots represent observations from OPTIMIZE. *EOD* every other day, *OD* once daily, *Conc* concentration

Figure [3](#Fig3){ref-type="fig"} illustrates derived covariate effects on steady-state tPDE4i (red) compared with previously identified covariate effects in healthy volunteers (blue). While the model predicted some influence of age, sex, body weight, and smoking habits on exposure, the effects were considered not clinically relevant and did not warrant change to current approved maintenance dosing.Fig. 3Estimated covariate effects on total PDE4 inhibitory activity relative to the reference population. \*Race was not tested in OPTIMIZE. †Not significant in the phase I--III popPK model. Derived covariate effects on steady state tPDE4i (red) compared with previously identified covariate effects (blue). The common reference is a male, formerly smoking, White COPD patient, aged 65 years with a body weight of 70 kg. Data are expressed as geometric means and 68% ranges. *popPK* population pharmacokinetic, *tPDE4i* total phosphodiesterase-4 inhibition, *i.v*. intravenous, *COPD* chronic obstructive pulmonary disease

PK/AE Model {#Sec13}
-----------

The PK/AE model is a logistic regression model used to characterize the relationship between tPDE4i and frequency of patients with AEs of interest. The final PK/AE model quantified a significant increase in the percentage of patients with AEs of interest with increased exposure (tPDE4i slope on the logit scale was 0.484; confidence interval \[CI\] 0.262--0.706; *p* = 2 × 10^−5^) (Fig. [4](#Fig4){ref-type="fig"}). In addition, the covariates 'concomitant LAMA' and 'smokers' indicated that percentages of patients with AEs of interest were higher in patients concomitantly treated with LAMAs when compared with patients not taking LAMAs (effect of concomitant LAMA on the logit scale: 0.354; CI 0.122--0.586; *p* = 0.0028), and higher in former smokers when compared with current smokers (effect of smoking on the logit scale: 0.357; CI 0.126--0.587; *p* = 0.0024). Treatment arm was not a significant covariate.Fig. 4PK/AE model response from the logistic regression for the percentage of patients with AEs of interest as a function of tPDE4i (500 µg OD). Univariate model response for each significant covariate. Mean model response (straight line), 95% CIs (shaded area), locally averaged percentage of patients with AEs (curved line). Note, variability is not directly related to the 95% CIs (approximately 95% of the local fits are not expected to fit within the shaded area, as with standard visual predictive check plots). *tPDE4i* total phosphodiesterase-4 inhibition, *PK* pharmacokinetic, *AE* adverse event, *OD* once daily, *CIs* confidence intervals

PK/Time-to-Event Model {#Sec14}
----------------------

The time-to-event model characterized the relationship between tPDE4i and time to discontinuation due to AEs. The log-normal distribution was found to best describe discontinuation event times. Therefore, the estimated *position* parameter corresponds to the logarithm of the geometric mean event time.

The PK/time-to-event model was built on up-titration data only (weeks 1--4). The final PK/time-to-event analysis predicted that patients receiving roflumilast 250 µg once daily had significantly longer time to discontinuation during the up-titration phase due to AEs of interest (estimate: 1.1023; CI 0.426--1.778; *p* = 0.0014) (Fig. [5](#Fig5){ref-type="fig"}). This estimate corresponds to a threefold (e^1.1023^) increased geometric mean event time when compared with patients receiving 500 µg either once daily or every other day. Furthermore, time to discontinuation was found to increase with body weight (estimate: 0.0218; CI 0.00653--0.037; *p* = 0.0051) by 2.2% per kilogram (e^0.0218^).Fig. 5PK/time-to-event model predicted typical response during the 4-week up-titration phase. Predicted percentage of patients not having discontinued due to adverse events of interest when taking roflumilast 250 µg OD, 500 µg OD, or 500 µg EOD (straight lines). Kaplan--Meier estimates are also shown (dotted lines), indicating good agreement between the model and the observed events. *PK* pharmacokinetic, *AEs* adverse events, *OD* once daily, *EOD* every other day

Discussion {#Sec15}
==========

Parameters of the final integrated popPK model were estimated with good precision and the estimates were consistent with previous findings \[[@CR14]\]. The model was able to adequately describe average plasma concentrations of roflumilast and roflumilast N-oxide from 1238 patients, as well as BSV across study treatment phases and dosing schemes. This suggests that the existing base model previously developed was robust \[[@CR12]\] and that the integrated popPK model accurately predicted the tPDE4i levels of roflumilast obtained from clinical data.

The predicted effects of lowering the roflumilast dose to 250 μg in the first 4 weeks are consistent with the clinical findings in OPTIMIZE \[[@CR15]\] and the earlier modelling predictions \[[@CR14]\]. Analysis with the PK/AE model predicted that the number of patients with AEs of interest increases with roflumilast exposure. Analysis using the PK/time-to-event model predicted that patients receiving the 250 μg up-titration regimen have a significantly longer time to discontinuation due to AEs of interest versus other patients treated with roflumilast 500 µg every other day or 500 µg once daily.

The percentage of patients predicted to have AEs of interest was increased in certain subpopulations, namely in patients concomitantly treated with LAMAs and in former smokers. However, the covariate effects were small compared with the overall variability, such that the risk ratios were similar across all simulated subpopulations. Furthermore, there are no known pharmacological reasons why concomitant treatment with a LAMA should increase sensitivity to inhibition of PDE4 \[[@CR18], [@CR19]\], although downstream effects of modulating cyclic adenosine monophosphate (cAMP) levels cannot be excluded \[[@CR20]\].

As in our previous popPK analysis \[[@CR12]\], we identified smoking as being a significant covariate in the disposition of roflumilast and roflumilast N-oxide. Roflumilast is converted to roflumilast N-oxide by cytochrome P450 (CYP) 3A4 and 1A2 isoenzymes \[[@CR12]\]. Smoking is a known inducer of CYP1A2 and would reflect in higher clearance and consequently lower exposure of roflumilast for smokers \[[@CR21]\]. Our analysis showed that patients with lower exposure have a lower probability of developing a treatment-emergent AE, which was consistent with our previous experience regarding the relationship between exposure and the probability of AEs, and also confirms the impact of smoke-induced CYP1A2 in the disposition of roflumilast. Although the effect was small, smoking status was also identified as a covariate in the PK/AE model, and we found that smokers had less AEs of interest compared with former smokers, including with placebo, and therefore may reflect a difference in the health status of these subjects as opposed to a difference in susceptibility to roflumilast treatment.

Interestingly, the time-to-event analysis found that the time to discontinuation due to AEs increased with body weight, suggesting that patients with high body weight may be better able to manage AEs such as diarrhoea and nausea and continue roflumilast treatment.

Limitations of this analysis include the lack of characterization of discontinuation after the initial 4-week treatment period in the time-to-event analysis (as exposure is not independent of time and the dose changes after week 4). In addition, the PK/AE logistic regression model does not have a time component; therefore, only one summary value was used per patient to characterize exposure.

Conclusions {#Sec16}
===========

The integrated popPK model accurately predicted the tPDE4i levels obtained from clinical study data. PK/AE and PK/time-to-event models indicate that discontinuation events due to AEs are significantly reduced and onset is delayed in patients up-titrated with 250 µg once daily for 4 weeks before continuing with 500 µg once daily, compared with patients starting treatment with 500 µg once daily or every other day. The lower dose may not induce sufficient PDE4 inhibition to exert clinical efficacy, and hence is not recommended as long-term maintenance therapy. An initial 4-week up-titration regimen of roflumilast at a dose of 250 µg daily can reduce the risk of side effects and early treatment discontinuations associated with roflumilast, thereby helping patients to continue to receive the effective maintenance daily dose of 500 µg.
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